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Introduct ion 

Several  pyrolysis  p l a n t s  designed t o  convert  such waste i n t o  use fu l  p o d u c t s  
have proven uneconomical. To h e l p  provide a s t r o w e r  d a t a  base f o r  improved 
pyrolysis  processes,  we have been StiidyirIg t h e  thermal chemistry o f  newsprint,  
t he  p r inc ip l e  c e l l u l o s i c  m a t e r i a l  i n  urban waste. Previously,  we have 
reported on the r a t e  o f  degradat ion a t  low pressure,  where secondary 
r e a c t i o n s  o f  py ro lys i s  products a r e  neg l ig ib l e  (1). This paper d i s c u s s e s  
the  inf luence o f  ambient pressure on newsprint pyrolysed a t  34OoC. 

a l t e r  product y i e l d s  from newsprint py ro lys i s  (2 ) ,  we have examined both 
untreated and ly0 HC1 washed n e w s p i n t .  

Pyrolysis  o f  any l i g n o c e l l u l o s i c  ma te r i a l  g i v e s  a h o s t  o f  d i f f e r e n t  
products which aTe usua l ly  c l a s s i f i e d  ds e i t h e r  c h a r s ,  tars, o r  gases  
depending upon t h e i r  v o l a t i l i t y .  Chars a r e  carbonaceous p o d u c t s ,  such as 
charcoal ,  t h a t  a s e  no t  v o l a t i l e ,  
compounds t h a t  a r e  v o l a t i l e  only a t  py ro lys i s  t enpe ra tu res ;  and gases  a r e  
those products having r e a d i l y  measureable vapor p re s su res  at  room temperature.  

ranging from c o t t o n  c e l l u l o s e  t o  wood, t h a t  py ro lys i s  i n  n i t rogen  at  
atmospheric pressure r e s u l t s  i n  lower tar y i e l d s  <and g r e a t e r  g a s  and cha r  
formation than py ro lys i s  i n  a strong vacuum ( 3  , 4 ) .  Th i s  d i f f e r e n c e  i n  
y i e l d s  has  been i n t e r p r e t e d  a s  due t o  secondary decomposition of tar 
molecules whose a b i l i t y  t o  e s c a p  From the  r e a c t i n g  s u b s t r a t e  is  reduced 
a t  higher  pressures .  
y i e l d s  is q u a l i t a t i v e l y  understood, t he re  e x i s t s  l i t t l e  q u a n t i t a t i v e  
information t h a t  a l lows mathematical modeling o f  t h i s  phenomena and, thereby,  
a c l e a r  l i n k  between low p res su re  py ro lys i s  experiments,  used t o  s tudy  
fundamental r e a c t i o n  k i n e t i c s ,  and i n d u s t r i a l  py ro lys i s  p o c e s s e s  c a r r i e d  
o u t  a t  atmospheric pressure.  

Experimental Frocedures 

a d e t a i l e d  account o f  our p o c e d u r e s  is provided i n  r e fe rence  ( I ) ,  only a 
b r i e f  ou t l i ne  w i l l  be given h e r e ,  

100 mg samples of  d r y ,  shredded newsprint a r e  weighed i n t o  a small 
aluminum f o i l  boat ,  ?he boa t  is sea l ed  i n t o  a coo l  end o f  t he  r e a c t o r  and 
a vacuum is drawn on t h e  system. 
pressure,  ni t rogen i s  bled slowly i n t o  t h e  system. 
chamber is brought t o  a temperature s l i g h t l y  above t h a t  o f  pyrolysis .  
Next, power is reduced t o  t h a t  necessary fo r  maintaining py ro lys i s  temperature 

by means of  a hand he ld  magnet. 
by a thermocouple embedded i n  t h e  newsprint.  

chamber, t he  co ld  t r a p s  are sea l ed  o f f ,  and t h e  r e a c t o r  is allowed t o  coo l ,  

There is na t iona l  concern over t he  d i s p s a l  of  s o l i d  municipal waste. 

Since a d i l u t e  ac id  wash pre-treatment has been shown t o  s i s n i f i c a n t l y  

T a r s  nre r e l a t i v e l y  high no lecu la r  weight 

Several  i n v e s t i g a t o r s  have shown, using a v a r i e t y  o f  c e l l u l o s i c  m a t e r i a l s ,  

Vhile t he  e f f e c t  o f  ambient p re s su re  on py ro lys i s  

A sketch of  our experimental  apparatus  is shown i n  Figure 1. Since 

If we a r e  examinin(: t h e  e f f e c t s  o f  ambient 
Then the  py ro lys i s  

1 and the  sample boa t  is quickly brought t o  t h e  c e n t e r  o f  t h e  py ro lys i s  zone 
1 

Sample temperature is cont inuously monitored 

After  a s e t  time per iod,  t h e  boa t  is quickly withdrawn from t h e  py ro lys i s  
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The weight of  r e s idue  i n  t h e  sample boat  i s  measured, and the  tar p r d u c t s  
a r e  r in sed  o f f  t he  cool  glass walls of t h e  r e a c t o r ' s  s i d e  a r m s  i n t o  t a r e d  
v i a l s .  In  t h i s  manner we can measure t h e  weights of r e s idue  and tar as a 
funct ion of py ro lys i s  time and pressure,  

Theory 

is n e g l i g i b l e  i n  py ro lys i s  experiments below one t o r r ,  and t h a t , A k J t ,  t h e  
d i f f e rence  between !Jt ,  
tine weight of tar formed a t  h ighe r  p e s s u r e ,  is a d i r e c t  measure o f  t he  
amount o f  secondary r e a c t i o n .  

t o  char  and gases  and repolymerizat ion with t h e  s u b s t r a t e ,  
r e a c t i o n  i s  homogeneous and first o rde r  i n  tar, the  r a t e  o f  secondary 
r e a c t i o n  i s  

Our b a s i c  assumptions a r e  t h a t  secondary decomposition o f  t a r  molecules 

t h e  weight of tar obtaice? bdc?: one t o r r ,  and v i t ' ,  

A tar molecule may undergo two types  of secondary r e a c t i o n s ,  decomposition 
If each type of  

d l l t  = (kd + $) d t "  1) 
d t  

where kd and $ a r e  the rate c o n s t a n t s  f o r  decomposition and repolymerizat ion,  
r e s p e c t i v e l y ,  and d t "  is  t h e  weight o f  tar molecules wi th in  t h e  heated 
newsprint.  

t o  p re s su re ,  Therefore,  i f  t h e  tars r a t e  o f  escapo from t h e  newsprint  is 
taken as p ropor t iona l  t o  t h e  amount of  tax i n  t h e  newsprint and i n v e r s e l y  
p o p o r t i o n a l  t o  p re s su re ,  t hen  

Diffusion c o e f f i c i e n t s  i n  low p res su re  gases a r e  i n v e r s e l y  p ropor t iona l  

where 4 is t h e  escape r a t e  per  u n i t  weight per u n i t  pressure.  

1 and 2 imp l i e s  t h a t  f o r  any t i m e  i n t e r v a l  du r ing  which t h e  amount o f  
repolymerized tar is unimportant r e l a t i v e  t o  t h e  amount o f  unreacted 

I f  kd, 1% and 4 a r e  independent o f  t ime, t hen  the  r a t i o  o f  equat ions 

news&nt 
n w t 
"I' - 

Simi la r ly ,  when r e a c t i o n  
f r a c t i o n a l  conversion t o  c h a r  

n i3 - 
A W t  

o f  repolymerized tar is  unimportant,  t he  
v i a  secondary decomposition may be e x p e s s e d  

= fcjkd + k, 4) 

For longer  py ro lys i s  t imes ,  when the  f a t e  of repolymerized tar molecules 
must be considered 

&A = fdkd + f r k r  5) 
b + k r  A '-4 t 

where 
and very low p res su re  pyrolyses ,  fd  is t h e  weight f r a c t i o n  of any tar 
molecule undergoing secondary decomposition t h a t  becomes c h a r ,  and fr is  
the  average weight of  cha r  r e s u l t i n g  from repolymerizat ion o f  one tar 
molecule. 
r i n F  s t r u c t u r e ,  t h e  repolymerized comcrund nay b? rrndisposed t o  form char  
end esses. 

A R  is  t h e  d i f f e r e n c e  i n  t h e  weight o f  r e s i d u e  ( cha r )  between higher  

If t h a  Te ro ly Ie r i za t ion  r-nct ion d i s r u p t s  t h e  t a r  mol eci i le ' s  
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hn f n t e r p s t i n e  parqmder  t o  consider  i s  t h e  r a t i o  of t h e  amount' o f  t a r  
escac ine  fron t h e  s u b s t r s t e  dur ine  =ny given time int .orv*l  =t, 'hi.zher r r e s s u r e  
t o  t h e  avaunt o f  tar formed i n  the  sane time i n t e r v a l  s t  very  l o w  yressure .  
If a l l  repolymerized m=t,er ia l  oventu-l7.v rlecomroses t o  char  snd gases ,  then 
t h i s  r e t i o  i s  

6 )  

I f  a recol.ynerized t l r  molecule can be rezeners ted ,  t.hen this r a t l o  w i l l  be 
I a r p e r  thnn t h e  va lue  r r e d i c t e d  by equat ion 6 . .  However, should t h e  Eresk- 
down t o  c h . r  of t h e  repolymerize6 meter ia l  induce o r  cs t=l .yze s u h s t r s t e  
ccnvorsion t o  char ,  then  t h e  Wtt/Wt,ratio w i l l  be l e s s  than Fredic ted  by 
equqtion 6 . 
Resul t s  

i n  F i e r e  2. 
i s  F lo t ted  versus t i l e ,  c o r p r i n p  700 t o r r  .qnd helow one t o r r  ryro!.yses 
of  100 mg of  gcid w-ched newsprint  a t  340OC. The u l t i m a t e  t a r  yie1.d a t  
700 t o r r  is 34 5 less than  a t  very  low Fressure ,  whi le  t h e  f i n a l  weight of 
r e s i r h e  (chPr) i? 32 5 g r e n t e r k t  7CO t o r r .  Not ice  t h a t  a t  both Frsssures  
t.here i s  an  i n i t i a l  r - r i d  genera t ion  o f  t a r .  

occurs  i n  two s tages :  
2 zero th  o r < e r  regc t ion :  2nd n subsequent ,  slaver deer -d- t ion  tht is f i r s t  
o rder  i n  r e m a i n h e  newsrr in t .  A . t  34OOC. t h e  r a p i d .  e a r l y  deFr-dst,ion is 
over v i ? h i n  t h r e e  n i r r ~ t , e s  of t h e  s e l r l e ' s  e n t r y  i n t o  t h e  p y r o l y s i s  zone. 
This  i n i t i . 1  r e - c t i o n  qccounts f o r  68 5 of  t h e  u l t i m a t e  t a r  product,ion. 
As seen i n  F icure  2 ,  t h e  remQinine 32 $ of t h e  t o r  i s  prcrluced l s r e e l y  
;liirinc t h o  n e r t  s i x t y  minutes of r y r o l y s i s ,  whi le  t h e  dej?r.-dstion r e s c t i o n  
follows a f i r s t  o rder  r - t e  1.w. 

f i rs t '  t h r e e  niinntes of r .wol .ysis .  
dpcomrosition and AR/AWt =re l i s t e d  f o r  6 0 t h  l c i d  w-shed qnd unt re- ted  
ne-rsprint. Far eqch s u b s t r q t e .  t h e  e x t e n t  of secondqry decomposition 
increases  uniforn1.y wi th  rmhient pressure .  The chqnge i n  t h e  sample r e s i d u e  
is nenr ly  3 cons tan t  f r - c t i o n  o f  t h e  change i n  weight of  recovered t a r .  
oR/4Wt. i s  not  2 func t ion  of .xnbient pressure .  

The r a t i o  of  t h e  .mount of secondsry renc+.io.? t o  t h e  amount of  
recovered t a r  i s  r l o t t e d  versus  pressure  i n  F igure  3, f a r  t h e  i n i t i . 1  
depmd- t ion  of both ac id  wrshed -.nd untreDted newsprint .  A s  yredic ted  by 
equat ion 3 , t h e  d i t 3  *re well f i t  by  a s t r a i s h t  l i n e  psss ing  through t h e  
or ig in .  Line-lr l e a s t  square fi ts  t o  t h e  d a t a  t h z t  are cons t ra ined  t o  pass 
through t h e  o r i g i n  a r e  included i n  F igure  3 . 
n r e  repor ted  i n  Table 1 d o n g  wi th  t h e i r  95% confidence l i r n i t s .  
(3). t h e s e  slopes r e r r e s e n t  t h e  r a t i o  o f  t h e  r a t e  of secon.'=ry t -r  re.-ct.ion 
t o  t h e  r s te  of  t a r  escape per u n i t  p ressure .  The l a r g e r  v3 lue  obtained 
f o r  t h e  - c i s  w-sherl n r w s r r i n t  suggests  t h a t  t h e  tprs  rroduced fuum a c i d  
washed n e ~ s r r i n t  a r e  - o m  r e - c t i v e  t h - n  t h e  t - r s  n r i s i n p  fror ,  un t rea ted  
n e w p i n t .  

two f .c tors ,  fa .  t h e  f r - c t i o n = l  c h s r  y i e l d  h r i n p  secondary decomrosition. 
end kd/krr t h e  r a t i o  of  t h e  r a t e  of  decnmposition t o  t h e  r z t e  of r e p o l y n e r i z ~ t i o r , .  

The inf luence  of ar?bient pressure  on r y r o l y s i s  y i e l d s  i s  i l l u s t r - t e d  
The weiFht of t a r  Froducts  2nd t h e  i re ight  of samrle r e s i d u e  

I n  our previous p a r e r  we noted t h a t  t.he t h e r n s l  degrad- t ion  of  newsFrint 
a f-st. i n i t i a l  deerad- t ion .  t h s t  can be nodeled 2s 

Tnhle 2 z ives  d q t s  d n c r i b i n e  t h e  second2ry d e c o r r o s i t i o n  ?ur ine  t h e  
The fr?ct ionn!  e x t e n t  of second-ry t a r  

The s loFes  of t h e s e  l i n e s  
From equat ion 

I s  seen from equat ion 0. , t h e  maenit.ude c f  t h e  6R/4Wt r q t i o  depends on 
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If we r r h i t r a r i l y  rdor,t a v n l i i e  f o r  f8 o f  0.2. t h e  ul t imrte  char  y i e l d  i n  
low pressure  ryrolvses,  then  t h e  k /k, r a t i o s  i m r l i e d  by t h e  
Ire 7.0 and 0.6 f o r  t h e  qcid w=sheg 9nd unt rea ted  news:rint, r e s r e c t i v e l y .  
The r o i n t  i s  th . t .  i r r n s r e c t i v e  of t h e  f d  v $ l u e ,  t h e  repolymerizat ion 
rP-ct . ions .re rel:t.iveIy .more i i p o r t * n t  in t h e  untretnted t h a n  i n  t h e  a c i d  
washed newsyrint. 

rr.vrolysis t i n e s  cgn he  a - thered  f rov  t h e  d a t i  i n  T-bye 2 .  n.t l onger  times 
t h e  amount of r e r c l , y e r i z n r l  T- ter iql  h-il-1 no longer  he  smsl l  i n  reg- rd  t r  t h e  
?mount of r e m i n i n g  s u b s t r = t e .  The ultinQteAR/AW r a t i c o  al-e given i n  
Tib le  2 f o r  bo th  gcid washed =nd unt rea ted  subs t rg tes ;  -These r a t i o s  show 
no r r e s s u r e  derendeico.liut they a r e  s l i g h t l y  h iqher  t h - n  t h e  cor res rondinp  
r a t i o s  3t t h e  end of o n l y  t h r e e  rninutes - y r o l y s i s  tine. 
ahhr forming r e l c t i o n s  a r e  pore p r e v a l e n t  a t  longer  pyro lys i s  times. 

Table  2 rlso lists t h e  r a t i o  o f  t h e  mount  of t a r  recovered i n  h igher  
r r e s s u r e  e q e r i m e n t s  t o  t h e  amount of t a r  f o r i e d  i n  low p r e s s u r e  pyrolyses  
f o r  p y r o l y s i s  tines g r e a t e r  t h a n  t h r e e  minutes. Also included i n  T*ble 2 
is t h e  v d u e  predic ted  f o r  t h i s  r a t i o  By-equat ion  
th .a t  a 1 1  reyol.ynerized w t e r i a l  e v e n t u r l l y  forms e i t h e r  char  o r  gqses. 
Wreenent  
f o r  the  lowes t  pressures .  where t h e  me9sured v l l u e s  f d l  below t h o s e  given 
by e m p t i o n  6 . 
t o  ca tn lyze  ch=r  formst ion i n  t h e  s u h s t r n t e .  althorigh t h e  effect i s  s u b t l e  
Dnd r m d i l y  msknd at. higher  l oad inas  o f  renolynerized t a r .  

S i i ~ ~ i  ry 
We h i v e  developer! I s i n r l e  icdel,h*sei! uron hopopereous f i rs t  order  

r e ~ c t i o n s .  f o r  de-crihinrr t,he inf luence  of  ambient r r e s s u r e  on newsprint 
r.yrn3,vsis. 
e s c = r e  rer u n i t  c ressureh=ve  heen o b t ’ l h e d  f o r  s c i d  v ~ s h e d  5nd u n t r e = t e d  
nevscr int , .  Tqrs  f r o m  t h -  r c i d  wpshed i ~ t e r i n l  I r n  lore 3r-t t.o decomrose 
v h i l e  t D r s  from u n t r e - t e d  n e v s r r i n t  hlvo = Freqter  l i k e l i h o o d  of re- 
colynerizine:  m d  then c- t -1yzir .e  char  forngt ion .  
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Table 1 - Early Secondary Decornrosition Repctions 

Acid Washed Newsprint Unt reRt nd Newsprint 
Pressure d t  O R  d t ,  A R  

(torr) W t  -+,in AT, p i n  ~ t .  3 min A% 3 min 

100 
175 
4On 

.072 .33 

.I? * 30 

.27 .2R 
700 .75 .29 

kd+kr (torr‘’) 8.15 2 .33 x x 

Pressure 
(torr) 

100 
4cc 
700 

175 
400 
700 

.026’ .80 

.036 .64 

.I1 .73 

. l P  .73 

3.07 2 .07 x lo” 

Table 2 - Loneer Time Secondary Reaction D n t i  

A R  Wtlm - ut*? k IP 
A T ,  o. W t t p  - Wt3 - X + kd + k, 

P 
.37 -75 .93 Acid Washed 
.36 .77 .75 News print 
.40 .69 .64 

.76 

.81 

.84 

.90 . PP. 

.P2 

.95 Untre?.ted 

.e9 Newsprint‘ 

.F2 

Fig. 1. Experimental apparatus: (A,A’) thermocouple wires; (B) sample hoat; (C) Pyrex cylinder; 
(D) insulated, quartz pyrolysis zone: (E. F. G )  cold traps: (H) sample port; ( I )  McLeod gauge; (.I) 
manometer; ( K )  connection to  vacuum pump: (1-5) PTFE valves. 
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Time in pyrolysis zone (mid 

F i g  2. 
y i e l d s  a t  340 C. 
s o l i d s  rep resen t  res idue.  
and 700 t o r r  (A). 

I n f l u e n c e  o f  amblent pressure on p y r o l y s i s  
Open f l g u r o s  represent  t a r s  and 

Pressures are 1 t o r r  ( 0 )  

I 

- 
100 400 TOO 

P (torr) 
F i g  3. R a t i o  o f  amount o f  secondary r e a c t i o n  to  tho  
amount o f  recovered t a r s  versus pressure.  
rep resen t  unwashed newspr in t  and s o l i d s  represent  11 
HCl washed n e n s p r i n t .  

Open f i g u r e s  
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